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Abstract
The intricate link between glucose metabolism, ATP production, and glucose-
stimulated insulin secretion (GIIS) in pancreatic β-cells has been well established. 
However, the effects of other digestible monosaccharides on this mechanism re-
main unclear. This study examined the interaction between intracellular fruc-
tose metabolism and GIIS using MIN6-K8 β-cell lines and mouse pancreatic 
islets. Fructose at millimolar concentrations potentiated insulin secretion in 
the presence of stimulatory levels (8.8 mM) of glucose. This potentiation was 
dependent on sweet taste receptor-activated phospholipase Cβ2 (PLCβ2) sign-
aling. Concurrently, metabolic tracing using 13C-labeled fructose and glucose 
in conjunction with biochemical analyses demonstrated that fructose blunted 
the glucose-induced increase in the ATP/ADP ratio. Mechanistically, fructose 
is substantially converted to fructose 1-phosphate (F1P) at the expense of ATP. 
F1P directly inhibited PKM2 (pyruvate kinase M2), thereby reducing the later 
glycolytic flux used for ATP production. Remarkably, F1P-mediated PKM2 
inhibition was counteracted by TEPP-46, a small-molecule PKM2 activator. 
TEPP-46 restored glycolytic flux and the ATP/ADP ratio, leading to the enhance-
ment of fructose-potentiated GIIS in MIN6-K8 cells, normal mouse islets, and 
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1   |   INTRODUCTION

Research has established that dietary monosaccharides, 
such as glucose, fructose, and mannose modulate insu-
lin secretion from pancreatic β-cells.1,2 Glucose-induced 
insulin secretion (GIIS) is crucial for glucose homeosta-
sis, and numerous studies have delineated its molecular 
mechanisms. It is well established that GIIS is regulated 
by β-cell glucose metabolism through two signaling path-
ways: the triggering and amplifying pathways.3,4 The trig-
gering pathway involves the elevation of intracellular Ca2+ 
([Ca2+]i) through various processes. The primary mecha-
nism involves a series of steps following glucose metab-
olism: an increase in intracellular ATP levels, closure of 
ATP-sensitive K+ (KATP) channels, membrane depolar-
ization, and opening of voltage-dependent Ca2+ channels 
(VDCCs). The amplifying pathway augments the trigger-
ing pathway only when the latter is already active through 
various glucose-related metabolites, such as adenine nu-
cleotides, citrate, GTP, and glutamate.5–7

Fructose is the second most abundant monosaccha-
ride in the diet after glucose.8 It is widely found in fruits 
and certain sweeteners, making it a significant source 
of energy for many people. When co-administered with 
physiological concentrations of glucose, supraphysiolog-
ical concentrations of fructose enhance insulin secretion 
in  vitro.1,2,9,10 However, the underlying mechanisms re-
main only partially understood.

In various cell types, fructose is known to be transported 
primarily through GLUT5 (SLC2A5) and is converted to 
F1P by ketohexokinase (KHK), the first rate-limiting en-
zyme in fructolysis.11 F1P is then metabolized to glyceralde-
hyde 3-phosphate (GA3P) and dihydroxyacetone phosphate 
(DHAP) to enter the glycolytic/gluconeogenic metabolite 
pool, part of which is used for ATP production11 (see also 
Figure  3). Therefore, it is reasonable to hypothesize that 
fructose metabolism results in increased ATP produc-
tion and enhanced glucose-GIIS in β-cells. However, this 
pathway has not yet been conclusively demonstrated. In 
the present study, we examined β-cell fructose metabolism 
and its functional relationship with insulin secretion in vitro 
using clonal β-cell lines and mouse islets.

Surprisingly, the insulinotropic effect of fructose was 
found to be the result of fructose-activated sweet-taste 

receptor (STR)-phospholipase Cβ2 (PLCβ2) signaling, fruc-
tose metabolism itself playing a minor role. Indeed, we un-
covered an antagonistic relationship between glycolysis and 
fructose metabolism by comprehensive metabolic analysis: 
fructose 1-phosphate (F1P) inhibited pyruvate kinase M2 
(PKM2) while lowering the ATP/ADP ratio. We demon-
strate that this F1P-mediated PKM2 inhibition hampers the 
insulinotropic effect of fructose and that this effect can be 
mitigated by pharmacological activation of PKM2.

2   |   MATERIALS AND METHODS

2.1  |  Animals

C57BL/6JJcl (RRID:IMSR_JCL:JCL:MIN-0003) mice were 
purchased from CLEA Japan (Tokyo, Japan) and used 
for experiments at 19–20 weeks of age. NSY.B6-Tyr+, Ay/
Hos mice were a gift from Hoshino Laboratory Animals 
(Ibaraki, Japan) and were used for experiments at 
19–20 weeks of age. Mice were maintained under specific-
pathogen-free conditions at 23 ± 2°C and 55 ± 10% rela-
tive humidity with 12-h light–dark cycles (8 am–8 pm), 
with free access to water and standard chow CE-2 (CLEA 
Japan, Tokyo, Japan). The health status of the mice was 
checked regularly. All experiments were performed using 
male mice because female NSY.B6-Tyr+, Ay/Hos mice typ-
ically do not develop hyperglycemia.12 Body weight and 
blood glucose levels were measured at 9 am in the ad lib-
fed state. The number of mice analyzed is indicated in the 
figure legends. All animal experiments were performed 
with the approval APU22080 by the Institutional Animal 
Care and Use Committee of Fujita Health University, com-
plying with the Guidelines for Animal Experimentation 
at Fujita Health University and current Japanese guide-
lines and regulations for scientific and ethical animal 
experimentation.13

2.2  |  Cell lines

MIN6-K8 cells were generated as previously described14 
and were kindly provided by Professor Jun-ichi Miyazaki 
(Osaka University). The cells were cultured in Dulbecco's 

fructose-unresponsive diabetic mouse islets. These findings reveal an antagonis-
tic interplay between glucose and fructose metabolism in β-cells, highlighting 
PKM2 as a crucial regulator and broadening our understanding of the relation-
ship between β-cell fuel metabolism and insulin secretion.
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modified Eagle's medium (DMEM) containing 4500 mg/L 
glucose (Sigma-Aldrich, St. Louis, MO, USA, Cat# 
D5796) supplemented with 10% fetal bovine serum (FBS) 
(BioWest, Nuaillé, France, Cat# S1400-500) and 5 ppm 
2-mercaptoethanol. The cells were maintained at 37°C 
with 5% CO2.

2.3  |  Plasmids

GW1-PercevalHR was a gift from Gary Yellen (Addgene 
plasmid # 49082; http://​n2t.​net/​addge​ne:​49082​; 
RRID:Addgene_49082).15

2.4  |  ReagentsA

Krebs–Ringer bicarbonate buffer-HEPES (133.4 mM NaCl, 
4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2.5 mM 
CaCl2, 5 mM NaHCO3, 10 mM HEPES) supplemented 
with 0.1% bovine-serum albumin (Sigma-Aldrich, St. 
Louis, MO, USA, Cat# A6003) and 2.8 mM glucose (2.8G-
KRBH) adjusted to pH 7.4 was used in in  vitro experi-
ments. Additional glucose (final concentration: 8.8 mM), 
U73122 (CAS: 112648-68-7, Cat# 70740) and fructose were 
added to KRBH during the stimulation period. Nifedipine 
(FUJIFILM Wako Pure Chemical, Osaka, Japan, Cat# 
14505781), lactisole (Cayman Chemical, Ann Arbor, 
MI, USA, CAS: 150436-68-3, Cat# 18657), and TEPP-46 
(Selleck Chemicals, Houston, TX, USA, CAS: 1221186-53-
3, Cat# S7302) were added during the pre-incubation and 
stimulation periods. The reagents used for stimulation 
were stored as a 1000× concentrate in dimethyl sulfoxide 
(DMSO) (FUJIFILM Wako Pure Chemical, Osaka, Japan, 
Cat# 041-29351) and diluted with KRBH shortly before 
the experiment. An equal volume of DMSO was added to 
the vehicle control.

2.5  |  Isolation of pancreatic islets 
from mice

Digesting solution was formulated by supplementing 
0.1 w/v% Collagenase from Clostridium histolyticum 
(Sigma-Aldrich, St. Louis, MO, USA, Cat# C6885) to 
Hanks' balanced salt solution (136.9 mM NaCl, 5.4 mM 
KCl, 0.8 mM MgSO4, 0.3 mM Na2HPO4, 0.4 mM KH2PO4, 
4.2 mM NaHCO3, 10 mM HEPES, 1.3 mM CaCl2, 2 mM 
glucose). The mice were euthanized by isoflurane expo-
sure. The pancreas was digested by 10-min incubation 
at 37°C following intraductal injection of digesting solu-
tion. Islets were hand-picked and separated from exo-
crine tissues, transferred to 60-mm non-treated plates 

(AGC Techno Glass, Shizuoka, Japan, Cat# 1010-060), 
and cultured overnight in RPMI-1640 (Sigma-Aldrich, St. 
Louis, MO, USA, Cat# R8758) supplemented with 10% 
FBS (BioWest, Nuaillé, France, Cat# S1400-500) and 1% 
penicillin–streptomycin solution (FUJIFILM Wako Pure 
Chemical, Osaka, Japan, Cat# 168-23191) at 37°C with 5% 
CO2 before the experiments.

2.6  |  Insulin secretion

Insulin secretion was measured using the static incuba-
tion method, as described previously.16,17

To measure insulin secretion from cell lines, cells were 
seeded in 24-well plates at a density of 5 × 105 cells/well 
and cultured for 48 h. On the day of measurement, the 
cells were subjected to three successive washes with 2.8G-
KRBH, followed by a pre-incubation period of 30 min with 
300 μL/well of 2.8G-KRBH. Subsequently, the supernatant 
was replaced with 300 μL/well of fresh KRBH containing 
the specified stimulations and incubated for 30 min at 
37°C. The reaction was terminated by cooling the plate on 
ice for 10 min, after which the entire supernatant was col-
lected for the quantification of released insulin using the 
homogeneous time-resolved fluorescence assay (HTRF) 
Insulin Ultrasensitive kit (Revvity, Waltham, MA, USA, 
Cat# 62IN2PEH) in accordance with the manufacturer's 
instructions. Fluorescence was measured using an Infinite 
F Nano+ microplate reader (Tecan, Zürich, Switzerland).

To measure insulin secretion from islets, overnight cul-
tured islets were rinsed twice with 2.8G-KRBH, followed 
by pre-incubation with 2.8G-KRBH for 30 min at 37°C. 
Size-matched islets were hand-picked and dispensed in a 
96-well plate (Corning, Glendale, AZ, USA, Cat# 353072) 
at 5 islets/well. KRBH (100 μL/well) containing the spec-
ified stimulations was added and incubated for 30 min at 
37°C. The supernatant was subjected to insulin quantifi-
cation as described above.

2.7  |  Measurement of inositol 
1-phosphate (IP1)

To measure IP1 content in cell lines, the cells were seeded 
in a 96-well plate (Corning, Glendale, AZ, USA, Cat# 
353072) at a density of 1.0 × 105 cells/well and cultured for 
48 h. On the day of measurement, the cells were subjected 
to three successive washes with IP1 assay buffer (146 mM 
NaCl, 4.2 mM KCl, 50 mM LiCl, 1 mM CaCl2, 0.5 mM 
MgCl2, 10 mM HEPES, 0.1% BSA, pH 7.4) supplemented 
with 2.8 mM glucose (2.8G-IP1 assay buffer), followed by 
a pre-incubation period of 30 min with 60 μL/well of 2.8G-
IP1 assay buffer. Subsequently, 20 μL/well of IP1 assay 
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buffer containing the specified stimulations at 4× concen-
tration was added to the cells and incubated for another 
30 min at 37°C. The cells were lysed by the addition of 
20 μL/well lysis buffer from the HTRF IP-One Gq Detection 
Kit (Revvity, Waltham, MA, USA, Cat# 62IPAPEB). And 
30 μL/well of the lysate was transferred to a 384-well low-
volume plate (Cat #3826; Corning, Glendale, AZ, USA) 
and used for IP1 quantification according to the instruc-
tions of the HTRF IP-One Gq Detection Kit.

To measure IP1 content in mouse islets, overnight-
cultured islets were rinsed twice with 2.8G-IP1 assay buf-
fer, followed by pre-incubation with 2.8G-IP1 assay buffer 
for 30 min at 37°C. Size-matched islets were hand-picked 
and dispensed in a 96-well plate (Corning, Glendale, AZ, 
USA, Cat# 353072) at 5 islets/well. The islets were pre-
incubated for 30 min with 45 μL/well of 2.8G-IP1 assay 
buffer. Subsequently, 15 μL/well of IP1 assay buffer con-
taining the specified stimulations at 4× concentration was 
added to the cells and incubated for another 30 min at 
37°C. The cells were lysed by the addition of 15 μL/well of 
lysis buffer supplied in the kit. The lysate (30 μL/well) was 
subjected to IP1 quantification, as described above.

2.8  |  Imaging of intracellular Ca2+

Ca2+ imaging was performed as previously described.16 
Briefly, cells were seeded in a 35 mm glass-bottom dish 
(Matsunami Glass, Osaka, Japan, Cat# D11530H) at 
a density of 1.28 × 105 cells/dish and cultured for 48 h. 
Subsequently, the cells were loaded with 1 μM Fluo-4 AM 
(Dojindo, Kumamoto, Japan, Cat# F312) in 2.8G-KRBH 
for 20 min at 37°C in room air. Following a brief washing, 
cells were loaded with 1 mL of fresh 2.8G-KRBH and basal 
recordings were performed for 300 s (from time −300 to 
0). Immediately after the addition of 1 mL KRBH supple-
mented with stimulations at 2× concentration, recordings 
were resumed for another 600 s (from time 0 to 600) with 
a time interval of 2 s.

Time-lapse images were obtained using a Zeiss LSM 
980 Airyscan2 inverted confocal laser scanning super-
resolution microscope equipped with a Plan Apo 40×, 
1.4 Oil DICII objective lens (Carl Zeiss Microscopy, Jena, 
Germany). The cells were excited at a 488 nm laser with 
0.3% output power, and fluorescence emission was mea-
sured at 508–579 nm. During observation, the cells were 
maintained at 37°C using an incubator XLmulti S2 DARK 
(Pecon, Erbach, Germany).

Images were acquired in the frame mode at a rate 
of 2 frames per second and with an image size of 
212.2 × 212.2 μm (512 × 512 pixels). The obtained images 
were analyzed using the ZEN 3.0 imaging software (Carl 
Zeiss Microscopy, Jena, Germany, RRID:SCR_021725). 

Cells were randomly chosen for analysis for each stimu-
lation, and the number of cells analyzed is indicated in 
the figure legends. The fluorescence intensity of the entire 
cell body (F) was monitored and normalized to the aver-
age fluorescence intensity between −300 and 0 s (F0).

2.9  |  Imaging of intracellular 
ATP/ADP ratio

The Cells were seeded in a 35 mm glass-bottom dish 
(Matsunami Glass, Osaka, Japan, Cat# D11530H) at 
a density of 6.0 × 104 cells/dish and cultured for 48 h. 
Subsequently, the cells were transfected with 0.1 μg/dish of 
plasmid construct GW1-PercevalHR using Effectene trans-
fection reagent (Qiagen, Venlo, Netherlands, Cat# 301425) 
in accordance with the manufacturer's instructions. For 
the simultaneous transfection of GW1-PercevalHR plas-
mid and siRNA, the DharmaFECT 2 transfection reagent 
(Dharmacon, Lafayette, CO, USA, Cat# T-2002-03) was 
employed as an alternative method. The cells were cul-
tured for another 48 h. On the day of the measurement, 
after a brief washing, the cells were loaded with 1 mL of 
fresh 2.8G-KRBH, and basal recordings were performed 
for 300 s (from time − 300 to 0). Immediately after the addi-
tion of 1 mL KRBH supplemented with stimulations at 2× 
concentration, recordings were resumed for another 600 s 
(from time 0 to 600) with a time interval of 2 s.

The cells were excited at 445 nm and 488 nm lasers 
with 0.8% and 0.3% output power, respectively, and fluo-
rescence emission was measured at 508–543 nm. The ratio 
(R) of the fluorescence at 445 nm and 488 nm was calcu-
lated and normalized to the average fluorescence intensity 
between −300 and 0 s (R0). The other microscope config-
urations were the same as those used for Ca2+ imaging 
(Section 2.8).

2.10  |  Knockdown experiments using 
small interfering RNA (siRNA)

siRNAs targeting Khk (Dharmacon, Lafayette, CO, 
USA, Cat# M-062217-01-0005), Plcb2 (Dharmacon, 
Lafayette, CO, USA, Cat# M-040977-01-0005), and non-
targeting siRNA (Dharmacon, Lafayette, CO, USA, 
Cat# D-001206-14-50) were reverse-transfected using 
the DharmaFECT 2 transfection reagent (Dharmacon, 
Lafayette, CO, USA, Cat# T-2002-03). Briefly, a complex 
of siRNA and DharmaFECT 2 was prepared in serum-
free DMEM (Sigma-Aldrich, St. Louis, MO, USA, Cat# 
D5796) at a volume of 100 μL/well according to the 
manufacturer's instructions. Cells were resuspended 
in complete culture media at 1.25 × 106 cells/mL. The 
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cell suspension was then combined with the siRNA/
DharmaFECT 2 complex. The final concentrations of 
siRNA and DharmaFECT 2 were 40 nM and 0.4%, re-
spectively. For insulin secretion and RT-qPCR experi-
ments, the cells were seeded in 24-well plates (Corning, 
Glendale, AZ, USA, Cat# 353047) at 5 × 105 cells/500 μL/
well. For immunoblotting, the cells were seeded in 12-
well plates (Corning, Glendale, AZ, USA, Cat# 353053) at 
1 × 106 cells/mL/well. For metabolic flux analysis, cells 
were seeded in six-well plates (Cat #353046; Corning, 
Glendale, AZ, USA) at a density of 2 × 106 cells/2 mL/
well. The subsequent experiments were performed after 
a 48-h culture.

2.11  |  Reverse transcription quantitative 
polymerase chain reaction (RT-qPCR)

cDNA was prepared using CellAmp Direct Lysis and RT set 
(Takara Bio, Shiga, Japan, Cat# 3737S/A) according to the 
manufacturer's instructions. Quantitative real-time PCR 
was performed on a QuantStudio 7 Flex system (Thermo 
Fisher Scientific, Waltham, MA, USA, RRID:SCR_020245) 
using TaqMan Universal Master Mix II with UNG (Thermo 
Fisher Scientific, Waltham, MA, USA, Cat# 4440038) 
and Taqman probes: Khk (Cat# Mm00434647_m1) and 
TATA-box binding protein (Tbp, Cat# Mm01277042_m1). 
Relative gene expression of Khk was calculated using the 
2−ΔΔCT method and normalized to Tbp.

2.12  |  Immunoblotting

The cells were lysed with 50 μL/well of RIPA buffer 
(50 mM Tris–HCl pH 7.4, 150 mM NaCl, 1% NP-40, 
0.25% sodium deoxycholate, 1% SDS), and 1x complete 
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, 
MO, USA, Cat# 11697498001). The lysate was sonicated 
for 20 s on ice and centrifuged at 15 000 × g at 4°C for 
10 min. The supernatant was collected and separated 
on a 7.5% polyacrylamide–SDS gel and transferred to 
a PVDF membrane. The membranes were blocked 
with 3% bovine serum albumin (BSA) (Sigma-Aldrich, 
St. Louis, MO, USA, Cat# A7906) in Tris-buffered sa-
line with Tween 20 (TBS-T) and incubated with anti-
KHK mouse monoclonal antibody (1:100) (Santa Cruz 
Biotechnology, Dallas, TX, USA, Cat# sc-377411) in 
TBS-T supplemented with 3% BSA overnight at 4°C. The 
membrane was then incubated with HRP-conjugated 
anti-mouse immunoglobulins (1:2000) (Agilent, Santa 
Clara, CA, USA, Cat# P0447, RRID:AB_2617137) in 
TBS-T supplemented with 1% BSA for 1 h at room tem-
perature. Signals were visualized using ECL Prime 

detection reagent (Cytiva, Buckinghamshire, UK, Cat# 
RPN2232). Images were taken using ImageQuant 800 
(Cytiva, Buckinghamshire, UK). Subsequently, the 
membrane was stripped using Restore Western Blot 
Stripping Buffer (Thermo Fisher Scientific, Waltham, 
MA, USA, Cat# 21059) for 15 min and re-probed with 
an anti-α-tubulin mouse monoclonal antibody (1:1000) 
(Thermo Fisher Scientific, Waltham, MA, USA, Cat# 
A11126, RRID:AB_2534135). The images were quanti-
fied using ImageJ (version 1.53 k, https://​imagej.​nih.​
gov/​ij/​index.​html, RRID:SCR_003070).

2.13  |  Metabolic flux analysis

The cells were seeded in six-well plates (Cat #353046; 
Corning, Glendale, AZ, USA) at 2 × 106 cells/2 mL/well 
and cultured for 48 h. The cells were then rinsed three 
times with 2.8G-KRBH, followed by pre-incubation with 
2.8G-KRBH for 60 min at 37°C. The supernatant was re-
placed with KRBH supplemented with specified stimula-
tions including [U-13C]-glucose (Sigma-Aldrich, St. Louis, 
MO, USA, CAS: 110187-42-3 Cat# 660663) and [U-13C]-
fructose (Cambridge Isotope Laboratories, Tewksbury, 
MA, USA, CAS: 287100-63-4, Cat# CLM-1553-1). The cells 
were incubated for 30 min at 37°C, and the supernatant 
was discarded. Cells were quickly rinsed with ice-cold 
water, extracted by the addition of 500 μL ice-cold extrac-
tion buffer (67.5% methanol, 7.5% chloroform, and 25% 
water), and the whole plate was snap-frozen in liquid ni-
trogen. Cells were thawed on ice, scraped into 2 mL screw 
tubes along with the supernatant, and stored at −80°C 
until extraction of the metabolites.

For extraction of the metabolites, samples were sup-
plemented with 80 μL of diluted (1:640) internal standard 
(Human Metabolome Technologies, Yamagata, Japan, 
Cat# H3304-1002), 165 μL of methanol, and 465 μL of 
chloroform. The samples were then homogenized using 
a pre-cooled bead crusher at 3200 rpm for 1 min and 
centrifuged at 15 000 × g at 4°C for 3 min. The aqueous 
layer was transferred to pre-wetted ultrafiltration tubes 
(Human Metabolome Technologies, Yamagata, Japan, 
Cat# UFC3LCCNB-HMT) and centrifuged at 9100 × g, 
4°C until completely filtrated. The filtrate was freeze-
dried, re-dissolved in 10 μL of water, and subjected to mass 
spectrometry. The organic layer was evaporated by decom-
pression at room temperature, and the residue was resus-
pended in RIPA buffer (see Section 2.12) and subjected to 
a BCA protein assay (Thermo Fisher Scientific, Waltham, 
MA, USA, Cat# 23225).

cGMP was measured by G7100A capillary electro-
phoresis (Agilent Technologies, Santa Clara, CA, USA) 
interfaced with a G6224A time-of-flight LC/MS mass 
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F I G U R E  1   Fructose potentiates Ca2+ influx and GIIS. (A) Effect of fructose on insulin secretion at 2.8 mM glucose. n = 4, N = 2. (B) 
Dose-dependent effect of fructose on insulin secretion at 8.8 mM glucose. n = 4, N = 2. (C) Dose-dependent effect of fructose on insulin 
secretion at 8.8 mM glucose in B6 mouse islets. Islets were pooled from two mice. n = 11–13, N = 2. (D and E) Effect of fructose on 
intracellular Ca2+ levels measured using Fluo-4. The time course of normalized fluorescence intensity at 508–579 nm is indicated in (D). 
2.8G, 2.8 mM glucose; 8.8G, 8.8 mM glucose. The magnitude of Ca2+ responses was quantified as iAUC in (E), using F/F0 = 1 as the baseline. 
8.8 mM Glc: n = 14; 8.8 mM Glc + 10 mM Fru: n = 8. N = 2. (F) Effect of fructose on insulin secretion in the presence of high K+ and diazoxide 
(100 μM). n = 4, N = 2. All experiments were conducted using MIN6-K8 cells, except for (C). Data are presented as the mean ± standard 
deviation (SD). Glc, glucose; Fru, fructose. Statistical comparisons were made using Welch's one-way ANOVA with Dunnett's post hoc test 
for (A–C, and F), and Welch's unpaired two-tailed t-test for (E).
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F I G U R E  2   Involvement of PLCβ2 signaling in fructose-induced potentiation of GIIS. (A) Dose-dependent effects of fructose on 
intracellular IP1 accumulation. n = 6, N = 2. (B) Effect of Plcb2 knockdown on fructose-induced potentiation of GIIS. n = 4–5. N = 2. (C) Effect 
of U73122 (20 μM) on fructose-induced potentiation of GIIS. n = 4. N = 2. (D and E) Effect of Plcb2 knockdown on fructose-induced Ca2+ 
increase measured using Fluo-4. siNT 2.8G, 2.8 mM glucose; 8.8G, 8.8 mM glucose. (E) The magnitude of the responses was quantified as 
iAUC using F/F0 = 1 as the baseline. n = 25 for each condition. N = 2. (F and G) Effect of lactisole (50 mM) on fructose-induced potentiation 
of GIIS. n = 4. N = 2. The results are indicated in their original values in (F) and as fold change over 0 mM fructose in (G). n = 4. N = 2. (H 
and I) Fructose-induced potentiation of GIIS in islets of NSY.B6 strains. (H) a/a, n = 9, N = 2. (I) Ay/a, n = 12. N = 2. Islets were pooled from 
two mice per strain. (J) Fructose-induced increase in IP1 levels in islets of NSY.B6 strains. The results were normalized to the total protein 
content. Islets were pooled from two mice per strain. a/a: n = 10; Ay/a: n = 11. N = 2. All experiments were conducted using MIN6-K8 cells, 
except for (H and I). Glc, glucose; Fru, fructose. Data are presented as the mean ± SD. Statistical comparisons were performed using Welch's 
one-way ANOVA with Dunnett's post hoc test for (A, E, H, and I), Welch's unpaired two-tailed t-test for (C and G), and two-way ANOVA 
with Dunnett's post-hoc test for (B, F, and J).
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spectrometer (Agilent Technologies, Santa Clara, CA, 
USA). A G1310A isocratic pump (Agilent Technologies, 
Santa Clara, CA, USA) equipped with a G1379B degasser 
(Agilent Technologies, Santa Clara, CA, USA) was used to 
supply sheath liquid (Human Metabolome Technologies, 
Yamagata, Japan, Cat# H3301-2020). The mass spec-
trometer was operated in the negative ionization mode. 
All separations were performed on fused silica capillar-
ies (Human Metabolome Technologies, Yamagata, Japan, 
Cat# H3305-2002) at 25°C using an anion analysis buffer 
(Human Metabolome Technologies, Yamagata, Japan, 
Cat# H3302-2021) as the background electrolyte. The ap-
plied voltage was set to 30 kV at 20°C, together with a 
pressure of 15 mbar. Sheath liquid was delivered to a neb-
ulizer by an isocratic pump at 1 mL/min. Chromatograms 
and mass spectra were analyzed by MassHunter qualita-
tive analysis version 10.0 (Agilent Technologies, Santa 
Clara, CA, USA, RRID:SCR_015040). Annotation and 
quantification of chromatogram peaks were carried 
out using a standard mixture (Human Metabolome 
Technologies, Yamagata, Japan, Cat# H3302-2021) as a 
reference.

2.14  |  Measurement of pyruvate kinase 
(PK) activity

The enzymatic activity of PK was measured using the lac-
tate dehydrogenase (LDH)-linked method, as previously 
described18 with several modifications. Purified rabbit L-
LDH (Oriental Yeast, Tokyo, Japan, Cat# 46782003) was 
dissolved in 10% glycerol/PBS to a final concentration 
of 5000 U/mL. The assay buffer was formulated by com-
bining the following solutions: 100 mM aqueous imida-
zole hydrochloride (56.7 μL/well), 100 mM aqueous ADP 
(6 μL/well), 13.1 mM aqueous NADH (1.125 μL/well), 
56 mM aqueous phosphoenolpyruvate (2.5 or 7.5 μL/well 
to achieve final concentrations of 1.87 and 5.6 mM, re-
spectively), 1 M aqueous MgCl2 (1.2 μL/well), 2.5 M aque-
ous KCl (2.25 μL/well), and 5000 U/mL rabbit L-LDH 
(0.15 μL/well).

Assays were performed using procedures 6.14.1 and 
6.14.2, depending on the sample type.

Curve fitting and calculation of half-maximal in-
hibitory concentrations (IC50) were performed using 
GraphPad Prism 10 (Graphpad Software, Boston, MA, 
USA, https://​www.​graph​pad.​com; RRID:SCR_002798).

2.14.1  |  Activity of purified recombinant 
human PKM2

Purified recombinant human PKM2 protein (Sigma-
Aldrich, St. Louis, MO, USA; Cat# SAE0021-100UG) was 
initially dissolved in water at a concentration of 100 μg/mL. 
The PKM2 standard was prepared by diluting the 100 μg/
mL PKM2 solution with 50 mM Tris–HCl buffer (pH 8.5) 
to final concentrations of 10, 8, 6, 4, 2, and 1 μg/mL. D-
Fructose 1-phosphate dipotassium salt (F1P) (Santa Cruz 
Biotechnology, Dallas, TX, USA, Cat# sc-500907) was ini-
tially dissolved in 100 mM aqueous imidazole hydrochlo-
ride at 1 M and subsequently added to the assay buffer at the 
indicated concentrations. TEPP-46 was added to the PKM2 
standard and pre-incubated at 30°C for 10 min. The assay 
buffer was dispensed into a 96-well plate (Greiner Bio-One, 
Kremsmünster, Austria, Cat# 655101) at 67.5 μL/well and 
incubated at 30°C for 10 min, followed by the addition of 
7.5 μL/well of the human PKM2 standards or lysate samples. 
Absorbance at 340 nm was recorded at 1-min intervals at 
30°C using a Revvity VICTOR Nivo Multimode Microplate 
Reader (Revvity, Waltham, MA, USA, RRID:SCR_025763). 
The change in absorbance at 340 nm per minute (ΔAbs340) 
was measured in the linear portion of the curve. A standard 
curve was generated by plotting the concentrations of the 
standards against ΔAbs340. The results are expressed as 
relative activity to 10 μg/mL PKM2.

2.14.2  |  PK activity in cell homogenates

MIN6-K8 cells were seeded in six-well plates at a density 
of 2 × 106 cells/well and cultured for 48 h. On the day of 
measurement, the cells were subjected to three successive 
washes with glucose-free (0G) KRBH, followed by a pre-
incubation period of 30 min with 300 μL/well 0G-KRBH. 
Subsequently, the buffer was replaced with 300 μL/well 
of 0G-KRBH (Figure 6C) or KRBH containing the speci-
fied stimulations (Figure 6D). The cells were incubated for 
30 min at 37°C, washed with ice-cold PBS, scraped, and 
homogenized using a PowerMasher II tissue homogenizer 
(Nippi, Tokyo, Japan, Cat# 893002). The homogenate was 
then centrifuged at 15 000 × g at 4°C for 10 min. For the ex-
periment shown in Figure 6C, the supernatant and assay 
buffer were supplemented with TEPP-46 and F1P, respec-
tively. For the experiment shown in Figure 6D, no further 
reagent was added to the supernatant or assay buffer.

F I G U R E  3   [U-13C]-fructose tracing in MIN6-K8 cells. The total content and isotopic distribution of each intermediate are indicated by 
stacked bar graphs alongside the schematic overview of metabolic fates of glucose and [U-13C]-fructose. n = 4, N = 2. Data are presented as 
the mean ± standard deviation (SD). Statistical comparisons between the sums of all isotopomers were made using Welch's unpaired two-
tailed t-test. Glc, glucose; Fru, fructose.

https://scicrunch.org/resolver/RRID:SCR_015040
https://www.graphpad.com
https://scicrunch.org/resolver/RRID:SCR_002798
https://scicrunch.org/resolver/RRID:SCR_025763
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The measurements and calculations were performed 
as described in Section  2.14.1. The result was normal-
ized to protein concentrations measured using the BCA 
Protein Assay (Thermo Fisher Scientific, Waltham, MA, 
USA, Cat# 23225).

2.15  |  Statistical analysis

Sample sizes were estimated from the expected effect size 
based on previous experiments. No randomization or blind-
ing was used. Experiments were conducted multiple times 
on separate occasions using distinct cell passages or different 
mice, with N indicating the number of repetitions. The figures 
display the representative results from these experiments. For 
cell line experiments, including insulin secretion, IP1 meas-
urement, RT-qPCR, immunoblotting, and metabolic tracing, 
n represents the number of biological replicates of cells grown 
in different wells of the same multi-well plate in a single ex-
periment. For islet experiments, including insulin secretion 
and IP1 measurement, n represents the number of wells, each 
containing five islets pooled from multiple age-matched mice. 
The number of mice used is specified in the figure legends. 
For Ca2+ and ATP/ADP ratio measurements, n represents the 
number of different single cells analyzed. Data are shown as 
the mean ± standard deviation (SD) along with the plot of in-
dividual data points. For statistical comparisons between two 
groups, a two-tailed unpaired Welch's unpaired t-test was 
used. For comparisons between three groups, Welch's one-
way analysis of variance (ANOVA) was followed by pairwise 
comparisons corrected using Dunnett's method. Normality of 
the distribution was confirmed by the Shapiro–Wilk test. p-
values less than .05 were considered statistically significant. 
The statistical analyses used are indicated in the figure leg-
ends. Statistical analyses were performed using GraphPad 
Prism 10 (Graphpad Software, Boston, MA, USA, https://​
www.​graph​pad.​com; RRID:SCR_002798).

3   |   RESULTS

3.1  |  Fructose potentiates GIIS

The dose-dependent effects of fructose on insulin secre-
tion from MIN6-K8 cells and B6 mouse islets were investi-
gated. Fructose had no effect on insulin secretion at basal 

glucose levels (2.8 mM) in MIN6-K8 cells (Figure  1A). 
At stimulatory glucose levels (8.8 mM), fructose dose-
dependently enhanced insulin secretion at concentrations 
ranging from 0.3 to 10 mM in MIN6-K8 cells (Figure 1B). 
A comparable result was observed in B6 mouse islets 
with 2.5 and 12.5 mM fructose (Figure  1C). These find-
ings indicate that fructose does not independently trig-
ger insulin secretion but potentiates GIIS at millimolar 
concentrations.

In MIN6-K8 cells at 8.8 mM glucose, fructose enhanced 
the glucose-induced [Ca2+]i elevation (Figure  1D,E). 
Additionally, when the membrane potential was clamped 
in a depolarized state using 30 mM K+ and diazoxide, 
thereby saturating the triggering pathway, the effect of 
fructose on GIIS was nullified (Figure 1F). These observa-
tions indicate that fructose potentiates GIIS by augment-
ing the triggering pathway.

3.2  |  Fructose-induced potentiation of 
GIIS requires PLCβ2 signaling

To elucidate the molecular mechanism underlying 
fructose-enhanced GIIS, we first investigated the poten-
tial involvement of sweet taste receptor (STR) signaling. 
Fructose is known to function as a substrate for STR, a G 
protein-coupled receptor complex composed of taste re-
ceptor type 1 member 2 (TAS1R2) and 3 (TAS1R3).19–21 
STR signals through a second messenger system that in-
volves G-protein gustducin, phospholipase C β2 (PLCβ2), 
inositol 1,4,5-trisphosphate (IP3), and transient recep-
tor potential M4/5 (TRPM4/5).22,23 This pathway was 
originally identified in taste transduction in the tongue.24 
Later studies have shown that STRs are also expressed 
in β-cells25 and regulate fructose-induced potentiation of 
GIIS.26

To assess the ability of fructose to activate PLC, d-
myo-inositol 1-phosphate (IP1) was quantified as a sur-
rogate for IP3. MIN6-K8 cells exhibited a dose-dependent 
increase in IP1 when exposed to 0.5 and 3 mM fructose 
(Figure 2A). The potentiation of GIIS by fructose was elim-
inated by siRNA-mediated Plcb2 knockdown (Figure 2B, 
Figure S1A,B) and partially reduced by U73122, a PLCβ2 
inhibitor27 (Figure  2C). Both Plcb2 knockdown and 
U73122 treatment abrogated fructose-induced amplifi-
cation of glucose-induced [Ca2+]i elevation (Figure  2, 

F I G U R E  4   [U-13C]-glucose tracing in MIN6-K8 cells. (A) The total content and isotopic distribution of each intermediate are 
indicated as stacked bar graphs alongside a schematic overview of the metabolic fates of [U-13C]-glucose and fructose. n = 4, N = 2. 
Statistical comparisons between the sums of all isotopomers were made using Welch's unpaired two-tailed t test. (B) Fraction of 13C in 
each intermediate. Statistical comparisons were made using Welch's unpaired two-tailed t test. Data are presented as the mean ± standard 
deviation (SD). Glc, glucose; Fru, fructose.

https://www.graphpad.com
https://www.graphpad.com
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D–E, Figure  S1C,D). In addition, we tested the involve-
ment of STRs using lactisole, a TAS1R3 inhibitor that is 
effective in mice.28 Lactisole increased insulin secretion 
at 8.8 mM glucose alone (Figure  2F). This observation 
aligns with the previously proposed role of STRs in sup-
pressing insulin secretion at moderate glucose concentra-
tions.29 Notably, this effect was abolished in the presence 
of fructose (Figure 2F), resulting in a decreased secretory 
response when expressed as a fold change (Figure  2G). 
These findings suggest that STR is implicated in fructose-
induced potentiation of GIIS.

The association between fructose and PLC signaling 
was validated in mouse islets. NSY.B6-Tyr+,Ay is a spon-
taneous type 2 diabetes mouse strain that was recently es-
tablished by crossing the NSY and B6J- Ay strains, thereby 
introducing the obesity-related agouti-yellow (Ay) muta-
tion in the agouti (a) gene into a diabetes-prone NSY back-
ground.12 Ay heterozygous male mouse (Ay/a) displayed 
obesity and hyperglycemia after 13 weeks of age com-
pared with wild-type male mice (a/a) (Figure S1E,F), as 
reported previously.12 Islets were isolated from these mice 
at 19–20 weeks of age and tested for fructose responsive-
ness. In a/a mouse islets, 10 mM fructose led to signifi-
cant increases in GIIS and IP1 levels, but both of these 
effects were abolished in Ay/a mouse islets (Figure 2H–J). 
Notably, the elevated baseline IP1 levels in Ay/a islets 
compared to a/a islets, which indicate enhanced basal 
PLC activity, may have obscured additional PLC activa-
tion by fructose. This basal enhancement may be attrib-
utable to chronic hyperglycemia, as we have previously 
documented.30 These findings further associate fructose-
potentiated GIIS with PLC signaling.

3.3  |  Fructose metabolism impedes 
glycolysis in β-cells

We investigated whether fructose-induced potentiation 
of GIIS is influenced by intracellular fructose metabo-
lism. According to our previously deposited RNA-seq 
datasets,31 Slc2a5 (GLUT5) and Khk are expressed in both 
MIN6-K8 cells and B6 mouse islets (Table S1). To deter-
mine whether fructose is metabolized in β-cells, we traced 
the metabolic fate of 13C-labeled fructose. MIN6-K8 cells 
were stimulated for 30 min with 10 mM [U-13C]-fructose, a 
stable isotopomer of fructose in which all six carbon atoms 
have been replaced with 13C, in the presence of 8.8 mM 
unlabeled glucose. For each intermediate, 13C-labeled 
isotopomers were quantified by capillary electrophoresis 
time-of-flight mass spectrometry (CE-TOFMS) (Figure 3). 
M–M6 represents the isotopomers in which 0–6 car-
bon atoms were replaced with 13C. Naturally occurring 

isotopomers are mostly M and M1, whereas incorporation 
of [U-13C]-fructose-derived carbons generates M2–M6.

Upper glycolytic intermediates, such as G6P, F6P, and 
FBP, did not comprise M2–M6, whereas F1P was found 
only as M6 under [U-13C]-fructose treatment. Lower gly-
colytic intermediates, such as 3PG, 2PG, PEP, glycerol 3P, 
and lactate, were labeled as M3. Meanwhile, TCA cycle 
intermediates, such as citrate and malate, were labeled as 
M2–M6. These results indicate that [U-13C]-fructose en-
ters lower glycolysis and the subsequent TCA cycle. We 
also assessed labeling efficiency by 13C fraction of the 
total carbon atoms in each intermediate (Figure S2A). 13C 
Fraction was negligible at the basal state and increased up 
to 0.1–0.2 in the presence of [U-13C]-fructose in glycolysis 
and TCA cycle intermediates.

Because the insulinotropic effect of fructose was 
glucose-dependent (Figure  1A,B), we sought to clar-
ify whether fructose affects glucose metabolism. To this 
end, MIN6-K8 cells were labeled with 10 mM unlabeled 
fructose in the presence of 8.8 mM [U-13C]-glucose 
(Figure  4A). Glucose-derived 13C was robustly incorpo-
rated into all intermediates, except for F1P. The upper and 
lower glycolytic intermediates were labeled as M6 and 
M3, respectively. In those intermediates, the 13C fraction 
was 0.3–0.5, a value greater than that observed using [U-
13C]-fructose at a higher concentration (10 mM), suggest-
ing that the rate of fructose metabolism is lower than that 
of glucose in β-cells (compare Figure 4B and Figure S2A).

Notably, content (the sum of M–M6) and labeling of 
several intermediates were significantly affected by fruc-
tose. The contents of G6P, 3PG, and 2PG were increased, 
while that of FBP was decreased by fructose, a trend con-
sistent regardless of the 13C source (Figures  3 and 4A). 
Additionally, glucose-derived 13C fraction was increased 
in F6P but was decreased in later steps of glycolysis 
(Figure  4B). In analyzing these findings, we considered 
earlier studies that demonstrated the inhibitory effects of 
high-dose fructose on two key enzymes, phosphofructoki-
nase (PFK)32 and pyruvate kinase (PK).33,34 As both PFK 
and PK reactions are irreversible,35 it is reasonable to as-
sume that the reduction in their activities causes the accu-
mulation of upstream intermediates and/or the depletion 
of downstream intermediates. Therefore, increased G6P 
content, decreased FBP content, and decreased labeling of 
intermediates after FBP (Figure 4A,B) may reflect reduced 
PFK activity. In addition, increased contents of 3PG and 
2PG are attributable to reduced PK activity. Thus, our 13C 
tracing experiments revealed an antagonistic interplay be-
tween fructose metabolism and glycolysis, demonstrating 
that while fructose enters lower glycolysis, it simultane-
ously impedes glycolysis by inhibiting the enzymes PFK 
and PK.
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F I G U R E  5   Effects of Khk knockdown on β-cell energy status. (A and B) Effect of fructose on intracellular ATP/ADP ratio as visualized 
by Perceval-HR. (A) Time course of normalized ratiometric signals (R/R0). 2.8G, 2.8 mM glucose; 8.8G, 8.8 mM glucose. (B) The magnitude 
of the responses was quantified as iAUC using R/R0 = 1 as the baseline. Fru−: n = 16, Fru+: n = 15, N = 2. (C and D) [U-13C]-fructose tracing 
under Khk knockdown. The total content and isotopic distribution of F1P are presented in (C). The fraction of 13C in each intermediate is 
shown in (D). n = 4, N = 2. See Figure S2 for the total content of other metabolites. (E and F) Effect of Khk knockdown on intracellular ATP/
ADP ratio in MIN6-K8 cells as visualized by Perceval-HR. 2.8G, 2.8 mM glucose; 8.8G, 8.8 mM glucose. (F) The magnitude of the responses 
was quantified as iAUC using R/R0 = 1 as the baseline. siNT Fru−: n = 8; siNT Fru+: n = 14; siKhk Fru−: n = 15; siKhk Fru+: n = 13; N = 2. 
All experiments were performed using MIN6-K8 cells. siNT, non-targeting siRNA; Glc, glucose; Fru, fructose. Data are presented as the 
mean ± SD. Statistical comparisons were performed using Welch's unpaired two-tailed t-test for (B–D), and two-way ANOVA with Dunnett's 
post hoc test for (F).
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3.4  |  Fructose suppresses 
glucose-induced increase in ATP/ADP ratio

We investigated the overall impact of fructose metabolism 
on the energy status of MIN6-K8 cells. While fructose did not 
significantly alter the concentrations of adenine nucleotides 
or redox cofactors (NAD, NADH, NADP, and NADPH), as 
measured by CE-TOFMS (Figure S2B–D,F–I), we observed 
a tendency for the ATP/ADP ratio to decrease (Figure S2E). 
This observation was further supported by time-lapse imag-
ing using PercevalHR, a fluorescent biosensor genetically 
engineered to measure the ATP/ADP ratio.15 The imaging 
revealed that fructose partially reduced the glucose-induced 
elevation of the ATP/ADP ratio (Figure 5A,B).

To limit fructose metabolism, we employed siRNA to 
knock down ketohexokinase (Khk), which resulted in a 
decrease of ~ 70% in mRNA levels and 25% in protein lev-
els (Figure S3A–C). Metabolic phenotypes were examined 
by [U-13C]-fructose tracing. As expected, Khk knockdown 
decreased M6 F1P (Figure 5C). Although the total content 
of other intermediates remained unchanged (Figure S4), 
Khk knockdown partially decreased 13C fraction in later 
glycolysis and TCA intermediates (Figure  5D). Despite 
the low knockdown efficiency (Figure  S3C) resulting in 
only mild phenotypes, the findings demonstrate that KHK 
facilitates the flux of fructose into central carbon metab-
olism. Interestingly, Khk knockdown inhibited fructose 
from reducing the ATP/ADP ratio (Figure 5E,F), suggest-
ing that the reduction in the ATP/ADP ratio is attributable 
to the KHK reaction (elaborated in Discussion).

3.5  |  F1P-induced PKM2 inhibition 
affects fructose metabolism in β-cells

One potential explanation for fructose-induced PK inhibi-
tion is that F1P binds to and inhibits the M2 isoform of 

pyruvate kinase (PKM2), as demonstrated in intestinal 
epithelial cells.34 Notably, this inhibition can be reversed 
by TEPP-46, a small-molecule activator of PKM2.34,36

Motivated by these findings, we aimed to ascertain 
whether TEPP-46 enables fructose metabolism to fuel 
insulin secretion more efficiently. Initially, biochem-
ical assays using recombinant human PKM2 were 
performed to verify the effects of F1P and TEPP-46. 
F1P exhibited dose-dependent inhibition of PKM2 
(Figure  6A), with an IC50 value of 1.753 (95% con-
fidence interval: 1.223–2.514), which is compara-
ble to the previously reported value.34 Conversely, 
TEPP-46 demonstrated dose-dependent activation of 
PKM2 (Figure  6B). These findings were further cor-
roborated using MIN6-K8 cell homogenate, wherein 
exogenously applied F1P suppressed PK activity in a 
dose-dependent manner; however, these effects were 
counteracted by TEPP-46 (Figure  6C). Similar results 
were observed when the cells were subjected to glucose, 
fructose, and TEPP-46 stimulation prior to homogeni-
zation (Figure  6D); glucose treatment increased basal 
PK activity, an effect likely attributable to allosteric ac-
tivation by FBP.37 Fructose suppressed PK activity ir-
respective of the glucose concentration; nevertheless, 
this suppression was successfully restored by TEPP-46 
(Figure 6D).

To assess TEPP-46's in situ effects, we conducted met-
abolic tracing studies using either [U-13C]-glucose or [U-
13C]-fructose with TEPP-46. Both experiments showed 
that TEPP-46 notably decreased the fructose-induced 
buildup of 2PG, 3PG, and PEP (Figure 6E–G, Figures S5 
and S6A). These observations align with the effects ob-
served when PK is activated in hepatocytes.38

In [U-13C]-glucose tracing, 13C fraction in 3PG and 2PG 
was decreased, while that in later intermediates (lactate, 
citrate, and malate) was increased (Figure 6H). Similarly, 
in [U-13C]-fructose tracing, the 13C fraction in citrate and 

F I G U R E  6   PK activator TEPP-46 counteracts F1P-induced PKM2 inhibition in β-cells. (A–D) Biochemical assay of PK activity. PEP 
concentration used is 1.87 mM for (A and C), and 5.6 mM for (B and D). Data are expressed as % activity in (A–C) or as fold change over 
the untreated control in (D). (A) Dose-dependent effects of F1P on the activity of purified recombinant human PKM2. n = 4, N = 2. (B) 
Dose-dependent effects of TEPP-46 on the activity of purified recombinant human PKM2. n = 4, N = 2. (C) Effect of TEPP-46 on F1P-
induced inhibition of PK activity in MIN6-K8 cell homogenates. n = 3, N = 2. (D) PK activity in homogenates of MIN6-K8 cells pretreated 
with indicated stimulations. Data were normalized to total protein levels. n = 8, N = 2. (E–H) [U-13C]-Glucose tracing in the presence of 
TEPP-46. The total content and isotopic distribution of the lower glycolytic intermediates are presented in (E–G). The fraction of 13C in each 
intermediate is presented in (H). n = 4, N = 2. See Figure S5 for the total content and isotopic distribution of the other metabolites. (I and J) 
Effect of fructose on the intracellular ATP/ADP ratio in the presence of TEPP-46 as visualized by Perceval-HR. Fru−: n = 21; Fru+: n = 19, 
N = 2. (F) Time course of normalized ratiometric signals (R/R0). (G) The magnitude of the responses was quantified as iAUC using R/R0 = 1 
as the baseline. 2.8G, 2.8 mM glucose; 8.8G, 8.8 mM glucose. Experiments (C–J) were performed using MIN6-K8 cells. Glc, glucose; Fru, 
fructose. The following methods were used for statistical analysis: For (B), data from three separate experiments (n = 1, N = 3) were pooled 
and evaluated using repeated measures one-way ANOVA followed by Dunnett's post hoc test; For (C), Welch's unpaired two-tailed t-test was 
used; For (D), Welch's one-way ANOVA with Dunnett's post hoc test was used; For (E–G), the sum of all isotopomers was compared using 
Welch's unpaired two-tailed t-test; For (H and J), Welch's unpaired two-tailed t-test was used. *p < .05.
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malate slightly, but significantly, increased (Figure  S6B). 
These results suggest that TEPP-46 facilitates the metabolic 
flux of glucose and fructose after the PK step. In the pres-
ence of TEPP-46, fructose did not inhibit glucose-induced 
elevation of the ATP/ADP ratio (Figure 6I,J). These find-
ings indicate that TEPP-46 counteracted F1P-induced PK 
inhibition, thereby restoring the ATP/ADP ratio.

3.6  |  Mitigating F1P-induced PKM2 
inhibition enhances insulin secretion

TEPP-46 demonstrated a notable enhancement of 
fructose-potentiated GIIS, whereas it exhibited no ef-
fect on GIIS alone (Figure  7A). Consistently, TEPP-46 
amplified the Ca2+ response in the presence of both 
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glucose and fructose (Figure  7D,E) but did not affect  
the Ca2+ response triggered solely by glucose 
(Figure 7B,C).

Khk knockdown did not influence glucose-induced in-
sulin secretion (GIIS) or its enhancement by fructose in 
the absence of TEPP-46. However, it significantly reduced 
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TEPP-46-mediated augmentation of fructose-potentiated 
GIIS (Figure 7F). Under Khk knockdown conditions, fruc-
tose amplified GIIS to a comparable extent regardless of 
TEPP-46 presence (Figure 7G), an effect likely mediated 
by PLCβ2. These findings suggest that fructose metabo-
lism has no impact on insulin secretion in the absence of 
TEPP-46; however, it effectively fuels insulin release in the 
presence of TEPP-46.

Finally, we evaluated TEPP-46 in NSY.B6-Tyr+, Ay 
strain islets. In a/a mouse islets, 3 mM fructose by itself 
did not enhance GIIS, but exhibited significant enhance-
ment when combined with TEPP-46 (Figure 7H). A com-
parable outcome was observed in Ay/a islets treated with 
10 mM fructose (Figure  7I). These findings support the 
efficacy of PKM2 activation in improving fructose sensi-
tivity in both healthy and diabetic β-cells.

4   |   DISCUSSION

The present study reveals how fructose is “disallowed” as 
a metabolic fuel for insulin secretion, illuminating PKM2 
as a crucial regulator. Our findings demonstrate that: (1) 
fructose-activated PLCβ2 signaling plays a more crucial 
role in insulin secretion than fructose metabolism; (2) 
fructose metabolism inhibits glycolysis and lowers the 
ATP/ADP ratio through F1P-induced PKM2 inhibition; 
and (3) a small-molecule PK activator can counteract F1P-
induced PKM2 inhibition.

Our results show that fructose-potentiated insulin 
secretion and fructose metabolism are not directly asso-
ciated. For example, fructose increased GIIS despite its 
suppression of the glucose-induced increase in the ATP/
ADP ratio (Figure 5A). Moreover, Khk knockdown signifi-
cantly altered fructose metabolic flux and the ATP/ADP 
ratio (Figure 5D,E) but did not affect fructose-induced po-
tentiation of GIIS (Figure  7F). In contrast, Plcb2 knock-
down abolished the effect of fructose on insulin secretion, 
demonstrating that PLCβ2 signaling plays a greater role 
in GIIS than fructose metabolism itself. These findings 
align well with a previous study demonstrating that fruc-
tose enhances insulin secretion through PLCβ2 signaling 

and subsequent activation of transient receptor poten-
tial cation channel subfamily M, member 5 (TRPM5).26 
TRPM5 has been shown to produce small background 
inward currents and promote β-cell electrical activity, 
thereby enhancing Ca2+ influx and insulin secretion.40,41 
Importantly, these effects become substantial only when 
the conductance of β-cell membranes is already reduced 
owing to KATP channel closure.42 This concept also aligns 
with the finding that the effect of fructose on insulin se-
cretion is muted at low glucose levels (Figure 1A) and after 
pre-treatment with diazoxide.43 This also suggests that an 
increase in the ATP/ADP ratio caused by the combination 
of fructose and glucose is adequate to close the KATP chan-
nels (Figure 5A).

Researchers have long recognized that β-cells can me-
tabolize fructose.1,10,44,45 However, the present study offers 
certain technical advantages over previous experiments. 
For example, early studies used radioisotope-labeled sugars, 
which suggested that the utilization and oxidation rates of 
glucose remained unchanged in the presence of excess fruc-
tose at the whole-islet level.10 In contrast, our 13C metabolic 
tracing technique enabled quantification of metabolic flux 
at the substrate level, revealing a reduction in downstream 
glycolysis in the presence of fructose. These findings indi-
cate that the overall cellular glucose utilization rate is con-
trolled primarily by glucokinase (GCK) activity, potentially 
masking variations in subsequent metabolic steps.

Fructose in the liver enhances glucose uptake and 
phosphorylation by dissociating GCK from glucokinase 
regulatory protein (GCKR).46,47 However, this process 
is unlikely to occur in β-cells, considering the extremely 
low expression levels of Gckr (Table S1). Instead, the ob-
served increase in G6P by fructose was likely the result of 
diminished PFK activity. Contrary to previous studies sug-
gesting that fructose is converted to F6P and G6P,44,45 we 
detected no conversion of [U-13C]-fructose into M6 F6P or 
M6 G6P (Figure 3).

In accordance with previous studies,10,44,45,48 the rate of 
fructose metabolism was found to be significantly lower 
than that of glucose metabolism in β-cells. Previous stud-
ies have suggested that fructose enhances GIIS by serving 
as a substrate for ATP generation. This hypothesis was 

F I G U R E  7   PK activator TEPP-46 enhances β-cell fructose responsiveness. (A) Effect of TEPP-46 on fructose-induced potentiation of 
GIIS. n = 4, N = 2. (B–E) Effects of TEPP-46 on glucose-induced Ca2+ increase in the absence or presence of fructose. (B) DMSO: n = 13; 
TEPP-46: n = 24, N = 2. 2.8G, 2.8 mM glucose; 8.8G, 8.8 mM glucose. (C) The magnitude of the responses in (B) was quantified as iAUC 
using F/F0 = 1 as the baseline. (D) DMSO: n = 25; TEPP-46: n = 24, N = 2. (E) The magnitude of the responses was quantified as iAUC using 
F/F0 = 1 as the baseline. (F and G) Effect of Khk knockdown on fructose-stimulated GIIS in the absence or presence of TEPP-46. siNT, 
non-targeting siRNA. n = 4, N = 2. The data are expressed as the fold change in (G). (H and I) Effects of TEPP-46 on FSIS in islets of NSY.
B6 strains. (H) Ay/a mouse islets, n = 8, N = 2. (I) a/a mouse islets, n = 6, N = 2. Islets were pooled from two mice per strain. Experiments in 
(A–G) were performed using MIN6-K8 cells. TEPP-46 was used at a concentration of 10 μM. Data are presented as the mean ± SD. Statistical 
comparisons were performed using two-way ANOVA with Dunnett's post hoc test for (A and F), Welch's unpaired two-tailed t-test for (C, E 
and G), and Welch's one-way ANOVA with Dunnett's post hoc test for (H and I).
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based on the observed correlation between insulin secre-
tion rates and fructose metabolism or ATP production.10,45 
However, these findings are challenged by later studies 
using diabetic GK rats44 and an INS-1E β-cell line49 that 
found no impact of acute fructose on mitochondrial res-
piration or ATP production, as well as by our observation 
that fructose impedes the glucose-induced increase in the 
ATP/ADP ratio.

We note two critical processes in the fructose metabolic 
pathway that hamper glucose-induced increases in the 
ATP/ADP ratio: ATP hydrolysis by KHK and F1P-induced 
inhibition of PKM2. Phosphorylation of fructose by KHK 
requires ATP hydrolysis, which leads to a reduction in 
ATP levels in the liver and kidney cells.39,50,51 In addition, 
chronic fructose treatment has been shown to decrease 
ATP levels in INS-1E cells.49 We found in MIN6-K8 cells 
that M6 F1P accumulated substantially after [U-13C]-
fructose treatment (~ 40 times more than G6P) while 13C 
incorporation in downstream intermediates was relatively 
low, which may be the result of an imbalance between the 
abundant expression of KHK and the very low expression 
of aldolase B (Table S1). As Khk knockdown prevented a 
decrease in the ATP/ADP ratio, we surmise that ATP con-
sumption by KHK could not be supplemented by subse-
quent ATP production via fructose catabolism.

PK has three isoforms: PKM1, PKM2 (both encoded 
by Pkm), and PKLR (encoded by Pklr). Our RNA-seq data 
reveal that Pkm is expressed more prominently than Pklr 
in MIN6-K8 cells and B6 mouse islets (Table  S1). This 
aligns with the finding that β-cell PK activity comprises 
90% PKM1, 10% PKM2, and no detectable contribution 
from PKLR.52 Considering that F1P inhibition and TEPP-
46 activation are both specific to PKM2,34,53 it is likely 
that PKM1 accounts for the remaining PK activity ob-
served in fructose-treated β-cells during metabolic tracing 
(Figure 4) and biochemical experiments (Figure 6A).

Research has shown that TEPP-46 enhances GIIS with-
out fructose.38,52,53 When only glucose is present, TEPP-46 
does not boost glucose oxidation or the ATP/ADP ratio, 
but instead increases the rate of ATP/ADP cycling.52,53 
The impact of TEPP-46 on glucose-induced insulin secre-
tion (GIIS) is dependent on glucose levels; it shows minor 
effects at moderate glucose concentrations but exhibits a 
considerably more pronounced effect when glucose lev-
els are high.38,53 In line with this, TEPP-46 is found not 
to alter GIIS at moderate glucose concentrations (8.8 mM) 
(Figure  7A). Nevertheless, in the presence of fructose, 
TEPP-46 elevated the ATP/ADP ratio, counteracting 
fructose-induced reduction (Figure 6I) and markedly en-
hancing GIIS (Figure  7A). These findings indicate that 
glucose and fructose differentially regulate PK during 
glycolysis. First, at moderate glucose levels, PK activity is 
adequate to process the PEP supply, resulting in minimal 

impact of TEPP-46 on GIIS. Second, when fructose is in-
troduced alongside moderate glucose, F1P reduces PK 
activity while fructose-derived carbons increase glyco-
lytic load, resulting in PK activity falling short of the ele-
vated PEP supply. In this case, ATP consumption by KHK 
cannot be compensated for by ATP production after PK. 
Third, TEPP-46 prevents this inhibition, enabling PKM2 
to manage the increased PEP supply for oxidative phos-
phorylation, leading to an increase in the ATP/ADP ratio.

Recent studies have suggested that ATP supplied di-
rectly by membrane-bound PK to KATP channels regulates 
their activity.52–55 Although this theory is debated,56–58 
enhanced ATP/ADP turnover near KATP channels may 
contribute to the effect of TEPP-46 on fructose-enhanced 
GIIS.

To summarize, our investigation uncovers an antago-
nistic relationship between glucose and fructose metabo-
lism at PKM2 and sheds light on the emerging importance 
of PK in insulin release, expanding our knowledge of how 
β-cell fuel metabolism regulates insulin secretion.

5   |   LIMITATIONS OF THE STUDY

Our present findings shed light on the unique meta-
bolic properties of fructose, a common dietary sugar, but 
their physiological relevance should be approached with 
caution.

There is a large disparity between our experimental 
and physiological fructose concentrations. However, stud-
ies of fructose-potentiated GIIS have consistently em-
ployed fructose concentrations in the millimolar range 
from 3 to 27.5 mM.2,9,10,26,49 This approach was mirrored 
in the present study, in which fructose was generally used 
at 10 mM, a level comparable to that of glucose (8.8 mM). 
In contrast, physiological blood fructose levels are in the 
micromolar range, from 1/10 to 1/1000 of blood glucose 
concentrations.59–61 At these lower concentrations, fruc-
tose failed to enhance GIIS (Figure  1B,C), suggesting 
that fructose-potentiated GIIS has limited physiological 
relevance. To illuminate the intricate link between β-cell 
glycolysis and insulin secretion, we employed supraphys-
iological fructose concentrations that cause a significant 
secretory response.
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